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[57] ABSTRACT

An FET comprising as many as three parallel channels
having different threshold voltages. The two outer
channels can have very low W/L ratios and resulting
low drain-to-source currents. In one embodiment, the
FET has a central enhancement channel flanked by low
W /L ratio, low current, depletion channels. The FET is
fabricated by forming an oxide mask (e.g., by etching a
window in the gate oxide over the device active area);
enhancement implanting the substrate through the win-
dow (e.g., n-substrate and n-implant for a p-channel
FET); enlarging the window width a predetermined
distarice by etching; and depletion implanting the sub-
strate through the window (p-implant for n-substrate) to
a concentration below that of the enhancement implant.
The gate structure is.formed over the combined en-
hancement and depletion channels and a source and a
drain span the ends of the channels. This effectively
provides an enhancement FET which is in parallel with
a depletion FET. The effective channel width of the
depletion FET equals the combined width of the two
narrow depletion regions and is approximately equal to
the difference in width of the two etch-defined win-
dows. The method is applicable to both silicon and
metal gate technology, to n-channel and p-channel, and
to various combinations of enhancement and/or deple-

tion devices.

5 Claims, 14 Drawing Figures
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1
NARROW CHANNEL FET

This is a division of application Ser. No. 890,425, filed
Mar. 27, 1978, now U.S. Pat. No. 4,212,683.

BACKGROUND OF THE INVENTION

This invention relates to methods for making field
effect transistors and more particularly to a method for
making such transistors with one or more narrow chan-

nels.

Recently, there has been much development of insu-
lated gate field effect transistors (IGFET) which use
metal insulator semiconductor (MIS) technology. The
benefits of this technology include simplicity of struc-
ture and the potential for very high device density.

As such devices become increasingly smaller, it is
increasingly more desirable to operate at low currents.
Unfortunately, the drain to source current iS propor-
tional to the width-to-length (W/L) ratio of the device
channel. One illustration of this dependency is the MOS
transistor current equation, e.g., for saturation:

, W 1
Ips = —k' —— (Vgs — Vr)* )

where

Ips=drain to source current

W =channel width

L =channel length

V gs=gate to source voltage

V r=threshold voltage

k' =(upeox)/(2tox)

u,=avg. surface mobility of channel holes

€ox=0xide permitivity

t,»=thickness of the oxide over the channel.

Obviously, the drain-to-source current could be de-
creased by increasing the channel length dimension
relative to the width, but the disadvantages of the re-
sulting decrease in density, decrease in operational
speed, etc. would probably outweigh the benefits from
the decreased current.

Another approach to decreasing the W/L ratio is to
decrease the width itself. However, the lower limits of
channel width are conventionally limited by the photo-
lithographic techniques used to fabricate such devices.
Typically, photolithographic resolution is in the range
of several (greater than 3) micrometers.

The microelectronics indusiry has successfully em-
ployed several techniques to avoid the limitations of

photolithography and to control channel dimensions. 50

One approach involves using a double diffusion tech-
nique, typically in which channel-forming impurities of
one conductivity type are diffused into a relatively large
region of the substrate, then source- or drain-forming
impurities of the second conductivity type are diffused
into the channel region, but to a smaller area, to pre-
cisely define a relatively short channel between the
lateral edges of the diffused regions. U.S. Pat. No.
3,845,495 issued Oct. 29, 1974 to Cauge et al. uses the
same oxide mask aperture for both diffusions, and uses
the relative lateral diffusion of the source and channel
regions to control the positioning of their lateral edges.
U.S. Pat. No. 3,883,372 issued May 13, 1975 to Lin uses
a glass mask having concentric apertures and appar-
ently controls the lateral edges of the diffused regions
by the extent of lateral diffusion, in the manner of Cauge
et al. U.S. Pat. No. 3,863,330 issued Feb. 4, 1975 to
Kraybill et al. uses the same nitride mask aperture for
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both diffusions and again controls the channel length by
relative lateral diffusion. U.S. Pat. No. 4,038,107 issued
July 26, 1977 to Marr et al. forms the source through an
oxide mask aperture, forms the channel through a
smaller polysilicon mask aperture, oxidizes the polysili-
con mask, and then forms the drain through the still
smaller, oxidized polysilicon mask aperture.

In another approach, U.S. Pat. No. 4,037,307 issued
July 26, 1977 to Smith uses a mask of abutting silicon
dioxide and metal oxide and forms an aperture therein
by etching the silicon dioxide away from the silicon
dioxidemetal oxide interface. The mask aperture is then
used to form a narrow gate electrode, and the gate
electrode itself is used as a mask to form a closely
spaced (short channel) source and drain.

Regardless of the success of these approaches, 1t 1s
apparent that this exemplary prior art is not directed to
the problem of decreasing channel width.

SUMMARY OF THE INVENTION

The present invention relates to a method for forming
a semiconductor device such as a field effect transistor,
and to the resulting transistor structure. Impurities of
one conductivity type are deposited through a mask
into the channel region to encompass a first section of
the channel region, then the width of the mask aperture
is widened, as by etching, to encompass a second chan-
nel section extending along at least one of the opposite
sides of the first section. The gate electrode is formed
encompassing the widened mask aperture. The second
section may be doped to a different concentration and-
/or conductivity type than the first section to provide
various parallel combinations of enhancement channel
sections and/or depletion channel sections having two
threshold voltages. Alternatively, the mask aperture 1s
widened to provide a pair of outer channel sections
extending along opposite sides of the first section, and
the conductivity type and relative doping level of the
three sections are tailored to provide as many as three
different threshold voltages.

The dimensional control provided by etching permits
forming each of the outer sections to a very narrow
width, thus providing low current transistor action for
these sections. |

In an exemplary embodiment, impurities of a first
conductivity type are deposited through an oxide mask
into the channel region to form an enhancement section
of the channel region; the width of the mask aperture is
widened by etching; and impurjties of the opposite con-
ductivity type are deposited through the widened mask
to form narrow depletion sections extending along the
opposite sides of the enhancement section. The effective
channel width of the depletion mode transistor action is
the combined width of the two depletion sections.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a cross-sectional view, taken parallel to the
channel, of an insulated metal gate field effect transistor
embodying the principles of the present invention;

FIGS. 2-6 are cross-sectional representations of the
field effect transistor of FIG. 1 during sequential stages
of fabrication using the process of the present invention;

FIG. 7 is a cross-sectional view, taken parallel to the
channel, or an insulated silicon gate field effect transis-
tor embodying the principles of the present invention;

FIGS. 8-12 are cross-sectional representations of the
silicon gate field effect transistor of FIG. 7 during se-
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quential stages of fabrication using the process of the
present invention;

FIG. 13 is a schematic of an inverter circuit which
utilizes the low current device of the present invention;
and

FIG. 14 is a top view of FIG. 6, in schematic form,

showing the mask cuts and channel section outlines in
relation to the source and drain.

DETAILED DESCRIPTION

FIG. 1 is a cross-sectional view taken parallel to the
channel of a low current MINOS metal gate field effect
transistor 10 embodying the principles of the present
invention. The transistor 10 is exemplary of a class of
devices which embody the principles of the present
invention. The transistor 10 comprises a substrate 11 of
one conductivity type (illustratively n-type) within
which spaced-apart surface-adjacent regions of the sec-
ond, opposite conductivity type (p-type) form source
and drain 12 and 13. A thick insulating layer 16 typi-
cally of silicon dioxide is formed on the substrate 11 for
electrically 1solating the device 10. A gate structure
comprising a layered dual insulator and a gate electrode
21 overlies the channel region between the source 12
and the drain 13. The insulator itself comprises silicon
dioxide layer 18 and a silicon nitride layer 19. |

For purposes of illustration, electrical contacts 22, 23,
24 and 26 are shown connected to the metal gate 21,
source 12, drain 13 and substrate 11, respectively, for
applying bias voltages which control the conduction
path and current across the channel region. Those
skilled in the art will understand that the particular
electrical contact arrangement is shown merely to facil-
itate description, and that usually contact i1s made at a
single point along each of a pair of diffusion stripes
which comprise the source and drain for a plurality of
devices.

The thicknesses and other dimensions shown for tran-
sistor 10 are selected for clarity of illustration and are
not to scale. Typical thicknesses, dictated by the current
state of the art, are: source 12 and drain 13 junction
depth, about 2-2.5 microns for p-channel (illustrated)
and one micron for n-channel; field oxide 16, about
1.0-2.0 microns; gate oxide 18 about 400-500 Ang-
stroms; silicon nitride layer 19 about 300-500 Ang-
stroms; and metal gate electrode 21, about 1-1.5 mi-
crons (for a conductor such as aluminum). Also, the
gate structure length (measured along the longitudinal
dimension of the channel between thé source and drain
parallel to the plane of the drawing) and width (mea-
sured laterally of the channel length perpendicular to
the plane of the drawing) are typically about 10 microns
by 5 microns, but could be made smaller or larger. At
least some of these dimensions, such as junction depth,
can be expectied to decrease with improvements in pro-
cess technology. In any event, it is obvious that mean-
ingful scale representation of such widely varying di-
mensions is impossible within relatively small drawing
space.

pReferring further to FIG. i, and also to FIG. 6 the
iliustrated transistor 10 s characterized by a channel
region having a relatively large enhancement section 27
(n-type section for the n-type substrate) extending the
length thereof and in parallel with one or two relatively
narrow depletion sections 28 and 29 (p-type sections for
the n-type substrate) which flank the enhancement sec-
tion 27 at the sides thereof and also extend the length of
the channel. As indicated by equation (1), the width of
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the enhancement section and the depletion section(s)
can be varied to control the relative current magnitudes
associated with the transistor action of the enhancement
section and depletion section(s). Moreover, the process
of the present invention can be used to provide deple-

tion (or enhancement) sections 28 and 29 of very nar-
row, precisely controlled width and, thus, uniform re-
producible low current depletion (enhancement) mode

field effect transistors.

A metal oxide semiconductor (MOS) silicon gate
embodiment 40 of the present invention 1s shown in
FIG. 7. Equivalent elements of the transistor 40 are
labeled with the same numerals used for metal gate
transistor 10. Silicon gate transistor 40 also has enhance-
ment channel section 27 and depletion channel sections
28 and 29 (see also FIG. 12). The relevant differences in
structure include field oxide 42 (which 1s grown from
the substrate 11) and polysilicon gate electrode 41
which correspond, respectively, to field oxide 16 and
metal gate 21.

It should be noted that nitride layer 19 (FIG. 1) 1s
omitted in the silicon gate structure 40. This is done to
illustrate that the gate insulator can be a single- or plu-
ral-layered structure selected from materials such as
silicon oxide, silicon nitride, and aluminum oxide,

The inventive method and structure are applicable to
any type of device which can be formed by deposition

 through an oxide mask, although they are considered
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particularly applicable to field effect transistors. The
inventive process is illustrated by the process of form-
ing the insulated metal gate field effect transistor 10 of
FIG. 1 (FIGS. 2-6) and the insulated silicon gate field

effect transistor 40 of FIG. 7 (FIGS. 8-12).

FIG. 2 illustrates a typical starting point for the dual
mask aperture, dual deposition process of the present
invention. At this point, the partially-formed structure
for transistor 10 comprises n-type substrate 11 having
source 12 and drain 13 formed therein and thick field
oxide 16 formed thereon. The figure is a cross-sectional
view showing the length L of the channel region be-
tween the source and drain. |

Briefly, as applied to the transistor 10, the crucial

'rsteps of the method of the present invention are (1)

forming a mask aperture over the channel region; (2)
doping the substrate through the mask aperture to pro-
vide an enhancement section of the channel region; (3)
etching the aperture to increase the width by a predeter-
mined dimension; and (4) depletmn doping the substrate
through the aperture. |
FIG. 3 is a cross-sectional view taken at right angles
to F1G. 2 paraliel to the channel width and illystrating
the first step of the invention, the formation of the initial
mask aperture. Conventional photolithographic tech-
niques are used to form on field oxide 16 a photoresist
mask 33 having etch window or aperture 34 of width
W, which is slightly less than the desired width of the
channel region. Then, an etchant such as a buffered
hydrofluoric acid comprising a 1:7 ratio by volume of
hydrofluoric acid in ammonium fluoride is used to etch
window or aperture 35 in the field oxide 16. Silicon
dioxide is hydrophilic and silicon is hydrophobic, so a
convenient technique is to continue the etching process
until the exposed surface becomes hydrophobic.
Asshown in FIG. 4, the second step involves forming
the enhancement channel section 27 1n the substrate 11
by deposition through the mask aperture 35. This en-
hancement deposition may conveniently be done by
heat diffusion or by ton implantation using n-type impu-
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rities such as phosphorus for the 1!llustrated n-type sub-
strate,

The photoresist 33 can be removed now, i.e,, after the
first etch, or after the first deposition step, or after the
second etch, as desired. Typically, the photoresist is
removed by dissolution in a material such as acetone
(for positive resists).

As illustrated in FIG. §, the second mask aperture
‘formation step (the third process step) involves time-
controlled etching of the field oxide to form a second
aperture 36 by widening the aperture 35 from W, to the
desired width of the channel region. A conventional
etchant such as the buffered hydrofluoric acid (HF) 1s
used. This is the crucial step, for the width W, of the
silicon dioxide removed from each longitudinal side 35
and 36 of the field oxide window determines the result-
ing width of the depletion sections 28 and 29. The buff-
ered HF etchant removes silicon dioxide at a relatively
slow, constant, reproducible rate (e.g., at 1500 Ang-
stroms per minute at 32° C.), and thus permits forming
the depletion sections(s) to very narrow, reproducible
widths. It is thus possible to provide reproducible
widths as small as about 0.1 micron for each section 28
and 29. |

The initial mask aperture formation step (step 1) as
well as the time-controlled second mask aperture for-
mation step (step 3) could be done by means other than
wet chemical etching, such as plasma etching or ion
milling.

As shown in FIG. 6, the next cruelal step 1s the sec-
ond or depletion deposition (step four of the process).
This deposition also may be conveniently done by heat
diffusion or by ion implantation. Here, p-type impurities
such as boron are used to form the depletion sections in
the n-type substrate. Typically, the p-type impurities are
deposited in sufficient concentration to provide the
desired depletion threshold voltage characteristics in
sections 28 and 29 without converting the enhancement
threshold voltage characteristics of section 27. The
resulting relationship of the channel sections 27, 28 and
29 and mask apertures 35 and 36 to source 12 and drain
13 is shown in FIG. 14, which is a schematic representa-
tion of a top view of FIG. 6.

The structure is completed to the metal gate field
effect transistor 10, FIG. 1, by formmg gate oxide 18
over the active area 37 (FIG. 6); adding silicon nitride
layer 19; forming metal gate 21 to encompass the sec-
ond, enlarged mask aperture (step 3); and forming the
electrical contacts. A passivation layer 31 of silicon
dioxide may also be applied. These procedures are very
well understood in the art and need not be elucidated.

Using the above procedures, an exemplary low cur-
rent depletion mode, metal gate transistor 10 was
formed as the load device of an MNOS inverter circuit.
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The silicon substrate was doped to a concentration of 55

1015 cm—3 background concentration of phosphorus.
The active area 37 (channel region width and length)
was about 5 microns by 15 microns. The source and

drain comprises 5X 10~cm~> concentration of boron
formed to a junction depth of about 2.0 microns. The
initial oxide aperture width W, formed by the first etch
(FIG. 3) was about 4 microns. The first, enhancement
depomtron (FIG. 4) was by ion implantation of phos-
phorus using a dose of 3 X 1012 cm—3 and 50 keV. The
resulting enhancement section had a peak concentration
of about 5 1017 atoms cm~—3 of phosphorus at a depth
of about 60 nanometers. The second, depletion etch
(FIG. 5) used the aforementioned buffered HF etchant

60

635
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at 32° C. A 20 second etch time removed 0.5 microns
from each of sides 35 and 36 of the field oxide etch
window 34 at the silicon surface, providing an effective
width of 1.0 microns for the two depletlon sections 28
and 29. The depletion deposition was by 1on 1mplanta-—
tion (FIG. 6) of boron at a dose of 3X 1012¢cm—3and an
energy of 20 keV. The resulting 0.5 micron wide deple-
tion regions contained 4X 10!7 peak boron atoms per
cm—3 and were 60 nanometers deep. The threshold
voltage of the enhancement channel region was —0.5
voit, while the threshold voltage of the depletmn chan-
nel regions was + 3.5 volts. |

The schematic of the resultmg inverter ClI‘Clllt 50 is
shown in FIG. 13. The inverter 50 comprises switching
transistor 51 and transistor 10, which is used as the load.
Transistor 10 comprises a parallel array of transistors
57, 58, and 59, which represent the transistor action
associated with enhancement section 27, and depletion
sections 28 and 29, respectively. The threshold voltages
of the enhancement and depletion channel sections are
such that the enhancement section 27 is “off”” during
operation of the inverter circuit while the depletion
sections 28 and 29 are “on”. Consequently, the transis-
tors associated with the depletion sections constitutes
the load. In operation, increasing (decreasing) Vv to
the gate of the input transistor 51 causes Vourto drop
(rise). Characteristically, the drain current, Ips, associ-
ated with the load is needed only to maintain charge on
node -52. This current requirement is much less than a
microamp and any additional current is not useful and in
fact is a detriment in that it dissipates power. Exemplary
prior art FET inverters using a load transistor equiva-
lent to transistor 10 (in structure, dimensions, materials),
but without the low W/L channel depletion sections,
have drain currents of about 15-20 microamperes. for
V pp= 17 volts. In contrast, for the same V pp, the tran-
sistor 10 has a drain current of only § microamperes
(about 2.5 microamperes for each of two equal, deple-
tion sections 28 and 29). Since power is proportional to
the current, the threefold or fourfold decrease in cur-
rent provrded by load transistor 10 provrdes a llke de-
crease in power dissipation.

It should be noted that the lnverter 50, FIG 13, is
essentlally one half of a flip-flop arrangement used in
static RAMSs and that the transistor 10 is well suited for
use as the load device in such an arrangement. .

As shown in the Table, the channel region sections
28-27-29 are not limited to the above depletion-enhance-

ment-depletion array. The exemplary depletion-
enhancement- depletmn array is the Type I array in the

Table. |
To illustrate the procedure for forming auether type

- of array in the exemplary p-channel device, a heavy
“enhancement implant (u-type implant for the n-type
“substrate) could be made in the middle of the transistor

in channel section 27 and no implant made in the nar-
row side sections 28 and 29. For example, after forming
the initial aperture or window 34 (Step 1, FIG. 3), phos-
phorus atoms are implanted through the aperture to
form an enhancement section 27 (Step 2, FIG. 4); then
the aperture 34 is enlarged (Step 3, FIG. §); the second
deposition step (Step 4, FIG. 6), is omitted; and the gate
structure is formed encompassing the enlarged mask
aperture. This procedure forms relatively low magni-
tude threshold voltage enhancement sections 28 and 29
at the sides of relatively high magnitude threshold volt-
age enhancement section 27. This structure 18 denuted
Type II in the Table. | |
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TABLE

MMWW_MMM

CHANNEL SECTION ARRANGEMENTS

ARRAY CHANNEL SECTION

TYPE 28 27 29

I depletion? enhancement! depletion?

Ii enhancement? enhancement! enhancement?
Iil enhancement?  depletion’ enhancement?
v depletion? depletion! dépletion?

M

The reader will note that superscripts are used in the
Table. They indicate the possible different threshold
voltages within each array and that the threshold volt-
ages of like mode channel sections (enhancement or
depletion) can be varied by controlling the relative
doping levels, e.g., of sections 28 and 29 in Type 1. This
capability is of course in addition to the different thresh-
old voltages which can be provided for different mode
channel sections (enhancement or depletion) by varying
the conductivity type and the doping level.

An alternative approach for effecting a Type 11 struc-
ture would be to do enhancement implants in both the
first and second deposition steps. |

A Type HI structure could be formed by exchanging
the enhancement and depletion implants for the exem-
plary p-channel transistor 10. For example, after form-
ing the aperture or window 34 (Step 1, FIG. 3), p-type
ions such as boron would be implanted in the n-sub-
strate through the aperture to form depletion region 27
(Step 2, FIG. 4), then the aperture 34 would be enlarged
(Step 3, FIG. 5) and n-type ions such as phosphorus
would be implanted through the enlarged aperture to
form enhancement sections 28 and 29 in the n-substrate.

Where the background doping level of the substrate
provides a suitable enhancement mode threshold volt-
- age for sections 28 and 29, the above procedure can be
modified by omitting the second, enhancement implant
(Step 4). |

Still another structural arrangement involves a deple-
tion-depletion-depletion arrangement, Type IV in the
Table. To illustrate one approach, after forming the
aperture 34, a heavy depletion implant of p-type ions 1s
made in the middle transistor section 27, then the aper-
ture 34 is enlarged, and another depletion implant is
made to form depletion side sections 28 and 29 of rela-
tively low magnitude threshold voltage surrounding
depletion center section 27 of relatively high magnitude
threshold voltage. |

A transistor having only two channel sections 1s also
possible. For example, during the mask aperture en-
largement step (Step 3, FIG. 5), one side of the mask
aperture 34 could be protected by a mask and a direc-
tion-dependent etching technique such as ion milling
used to remove material only from the unprotected side
of the aperture. The second implant (Step 4, FiG. 6)
could be applied or not, as desired, to the single channel
section 28 or 29 which is exposed by the aperture en-
largement step. Thus, when the gate electrode structure
is formed to encompass the enlarged mask aperture,
there is provided a channel region comprising the sec-
tion 27 flanked by the single narrow section 28 or 29.

The threshold voltages of side channel sections 28
and 29 can be made different from one another as well
as from that of center section 27 by varying the amount
of dopant deposited in the sections 28 and 29 during the
second deposition step. For example, and referring fur-
ther to the transistor 10 in FIG. 1, transistor channel
section 28 or 29 could be masked during a part of the
second deposition step to provide different doping lev-
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els and, thus, different threshold voltages for the two
sections. The superscripts in the Table indicate that the

arrays II and IV based upon a single mode of transistor
action (enhancement or depletion) can have as many as

three different threshold voltages, the same as the ar-
rays I and III based upon different modes. Those skilled
in the art will also appreciate that the arrays listed in the
Table are not intended to exhaust the possibilities, for
there are an infinite number of possible threshold volt-
age combinations which include such other arrange-
ments as depletion-enhancement-depletion and deple-
tion-depletion-enhancement.

The transistor 10 can be n-channel also. For n-chan-
nel (p-type substrate), a Type 1 array having small
W/L, low current depletion action is provided by first
implanting p-type ions such as boron to form enhance-
ment section 27 in the manner of FIG. 4, widening the
aperture 34 (FIG. 5), then implanting n-type ions such
as phosphorus to form depletion sections 28 and 29 1in
the manner of FIG. 6. Alternatively, for n-channel, a
Type HI array having low W/L, low current enhance-
ment action is provided by using n-type ions for the first
implantation step and p-type ions for the second implan-
tation step to form a depletion section 27 flanked by
narrow enhancement sections 28 and 29.

Furthermore, the Type III enhancement structures
and the Type IV depletion structures can be formed 1in
the manner of the above p-channel embodiments by
using p-type and n-type implants for the enhancement
and depletion structures, respectively. In short, the
various methods for producing the p-channel arrange-
ments are applicable to n-channel by switching the
conductivity type of the dopants. |

The illustrated transistor 10 is non-memory MNOS
for conventional operating voltages. The device can be
made memory MNOS by using a thin gate oxide 18 of,
e.g., 20-60 Angstroms thickness. Furthermore, a thick,
non-memory oxide section can be formed at either the
source or the drain side of the memory oxide 18 or both
to control the threshold voltage and to prevent zener
breakdown between the source and substrate and/or
the drain and substrate. The resulting “split gate” and
“trigate” structures are described more fully in U.S.
Pat. No. 3,719,866 issued to Naber and LLockwood and
assigned to NCR Corporation. This patent is incorpo-
rated by reference. |

FIG. 8 shows a typical starting point for application
of the dual mask aperture, dual deposition process to
silicon gate technology to form a Type I structure. The
illustrative n-type substrate 11 has field oxide 42 which
is grown from the silicon substrate 11. At this point,
silicon dioxide layer 43 and silicon nitride layer 44 have
been used to form a deposition window 45 in the field
oxide 42. |

The silicon dioxide layer 43 increases the adhesion of
the silicon nitride layer to substrate material such as
silicon and acts as a barrier to prevent the formation of
hard-to-etch compounds by the silicon nitride and the
silicon substrate. A thickness of about 1,000 Angstroms
is suitable for the layer 43. One suitable technique is to
steam grow the silicon dioxide layer at about 975° C.
Other techniques such as pyrolitic decomposition and
plasma deposition will be readily applied by those
skilled in the art.

The silicon nitride layer is then formed over the sih-
con dioxide layer 43 to a thickness of, e.g., 1500 Ang-
stroms. Exemplary techniques for forming the layer 44
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include reacting ammonia, NH3, and silane, SiHg, 1n a
reactor at about 800° C. or reacting ammonia and silicon
tetrachloride, SiCls, in a furnace at about 900" C.

The silicon dioxide and silicon nitride layers are then
etched using conventional photolithographic tech-
niques to leave the silicon nitride mask 44 and the un-
derlying silicon dioxide 43 over the device active re-
gion. Field oxide 42 is then grown about the edges of
the nitride mask 44 to a thickness of about 1.5 microns
(1500 Angstroms). The field oxide can be steam grown
at about 975° C. The result is that the field oxide 42 has
an aperture 45 formed therein which is filled by oxide

10

43 and nitride 44, as shown in FIG. 8. The length of the

aperture 45 approximates the length of the channel
region and the width is slightly less than that of the
channel region.

As shown in FIG. 9, next the nitride mask layer 44 1s
removed by etching in hot phosphoric acid. The adher-
ence-promoting silicon dioxide layer 44 can also be
removed at this point, e.g., by etching using an etchant
such as the buffered 1:7 mixture by volume of hydroflu-
oric acid and ammonium fluoride. Removal of the sili-
con nitride mask 44 and the oxide layer 43 opens field
oxide aperture 45 for the enhancement dgposition.

Referring to FIG. 10 the enhancement deposition
described previously for the metal gate process is used
to form enhancement section 27.

The field oxide 42 is next etched to widen the deposi-
tion aperture, as shown in FIG. 11. This technique is the-

same as that described for the metal gate process.

As shown in FIG. 12, the depletion implant is used to
form depletion regions 28 and 29 at the sides of en-
hancement section 27 in the same manner as discussed
relative to FIG. 6 for the metal gate process.

The silicon gate FET 40 is then completed, as shown
in FIG. 7, by forming the source 12 and drain 13; form-
ing the gate oxide 18 (e.g., 1000 Angstroms thick); add-
ing polysilicon gate 41 (e.g., 5000 Angstroms thick);
adding the contacts; and forming a passivation layer 47
of silicon dioxide or other material. Of course, the
source and drain could be formed prior to the dual
aperture formation-dual implantation process.

The silicon-oxide-semiconductor transistor 40 can
also be memory SNOS (silicon-nitride-oxide-semicon-
ductor) or non-memory SNOS; and n-channel or p-
channel. The structure types shown in the Table can be
made by modifying Steps 2-4 in the same manner as
discussed for the metal gate transistor 10.

Thus, there has been described a low-current, semi-
conductor device and the process for forming the de-
vice. The device can be n-channel or p-channel and uses
controlled widening of a deposition mask to form very
narrow channel sections at one or both sides of a “cen-
ter” channel section. The threshold voltages of the
narrow sections may be different from one another as
well as from that of the center section. Although sur-
face field effect transistors have been described, other
types of field effect transistors and, indeed, other types
of structures can be formed using the present process.
For example, the source and/or drain can be omitted if
charge-coupled techniques are employed.
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Having thus described preferred and alternative em-
bodiments of the present invention, what is claimed is:
1. In an insulated gate field effect transistor having a
channel region having length and width for forming a
p-type channel approximately 5 microns wide by ap-
proximately 15 microns long in an n-type semiconduc-

‘tor substrate doped to a background concentration of

1015 cm—3 of phosphorus, the improvement wherein the
channel region comprises:

a pair of p-type source and drain regions which are
formed to a junction depth of about 2 microns at
opposite ends of the channel region by boron of
concentration 5X 1018 cm—3;

a relatively wide n-type section extending along the
length of the channel region and containing major-
ity carriers with a peak concentration of 5X 10!/
cm—3 phosphorus at a depth of about 16 nanome-
ters; and

a first relatively narrow p-type section of predeter-
mined width ranging from approximately 0.1 mi-
crons to approximately 0.5 microns; the first rela-
tively narrow section extending the length of the
channel region at one of opposite sides of the rela-
tively wide section and containing majority carri-
ers doped to a peak concentration of 4 X 1017 cm—3
boron at a depth of about 60 nanometers.

2. The transistor of claim 1, further comprising a

second relatively narrow section extending the length

~ of the channel region on the opposite side of the rela-
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tively wide section, the second section being substan-
tially identical to the first relatively narrow p-type sec-
tion.

3. An improved channel structure for an 1nsulated
gate field effect device in which the channel region 1s
formed in a semiconductor material, includes a gate
electrode in priximity thereto, and is defined to extend
longitudinally, wherein the improvement comprises:

a first, longitudinal section of said channel region,
lying substantially centered within said channel
region and doped to a first impurity concentration;

a second, longitudinal section of said channel region,
significantly narrower than said first section, lying
between said first longitudinal section and one side
of said channel region, said second longitudinal
section being doped to a second impurity concen-
tration;

said first and said second impurity concentrations
being characterized in that said second longitudinal
section forms a depletion mode channel, and said
first longitudinal section forms an enhancement
mode channel; and

means for biasing the gate electrode such that said
first longitudinal section is never mmverted.

4. The structure recited in claim 3, wherein said chan-
nel region includes a third longitudinal section, signift-
cantly narrower than said first section, lying along the
side of said channel region opposite said second longitu-
dinal section and doped to said second impurity concen-
tration.

5. The structure recited in claim 4, wherein the width
of said first longitudinal section exceeds the width of
said second longitudinal section by a factor in excess of

J.
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